Abstract.
INTRODUCTION
The performance of structures during earthquakes is strongly influenced by the soils that support them. Local site effects can influence structures performance in two primary ways: by imposing additional deformations on the structure through ground failure and by influencing the ground motions that excite the structure. The reliable and economical seismic design of structures requires that local site effects on the ground motions be accurately predicted.
Usually, equivalent-linear models like the one employed in SHAKE [1] program are used to quantify the effect of soil deposits on propagated ground motions. Moreover and in most cases, effects of local soil deposits are only included as an attenuation of the maximum acceleration at surface [2] . However, the behavior of liquefiable soils is dominated by pore pressure generation which is not included in these models. This paper studies numerically the effect of excess pore pressure (∆p w ) on the nonlinear response of liquefiable soils. For this purpose an elastoplastic multi-mechanism model, known as ECP model [3, 4] , is used to represent the soil behavior. The soil deposit was subjected to 78 unscaled earthquake signals chosen from the Pacific Earthquake Engineering Research (PEER) Center database.
First of all, nonlinearity induced by both strong ground motion and liquefaction apparition was studied via a 1-D numerical modelling of a saturated sand deposit. Then and in order to solely quantify the effect of ∆p w on the nonlinear response of the sand deposit, two mechanically-equivalent models -one saturated and one completely dry -were analyzed. Three aspects of the motion response are evaluated: i) the maximum acceleration and shear strain profile, ii) the maximum surface acceleration and iii) the corresponding acceleration response spectra.
NUMERICAL MODEL

Model description
The studied site is composed principally of 20m of medium to loose sand with an average shear wave velocity (V s, 20 ) close to 200 m/s, corresponding to ground type C of Eurocode 8 [5] . As shown in figure 2a, the shear modulus of the soil increases with depth. The characteristic elastic site period (T s ) of the soil is calculated by a transfer function between the Fourier transforms of accelerations in the surface and at the bottom of the soil deposit, for a sample signal at very low amplitudes (e.g. P HA ≈ 1E − 5g) to ensure elastic soil behavior. The first amplification peak corresponds to the T s and is approximated to 0.27s (see figure 2b) . The saturated soil has a ground water table placed 1 meter below the surface and an impervious deformable bedrock is placed at the bottom of the column. The bedrock is assumed to follow an isotropic linear elastic behavior with a V s equal to 551m/s.
Finite element mesh
As the soil is assumed to be horizontally homogeneous, 1D u − p w coupled finite element computations with plain-strain assumption were performed. The general purpose finite element code GEFDyn [6] was used . The saturated soil was modelled using quadrilateral isoparametric elements with eight nodes for both solid displacements and fluid pressures. The thickness of the elements is 0.5m, which is in agreement with the suggestions made by Foerster and Modaressi [7] to prevent numerical dispersion. An implicit Newmark numerical integration scheme is used in the dynamic analysis. The numerical parameters were calculated by the methodology of Kontoe et al. [8] , by which γ and β are calculated from the spectral radius at infinity ρ ∞ to achieve an "optimal high-frequency dissipation with minimal low-frequency impact". Furthermore, in order to quantify the numerical damping ξ related to these parameters a calibration procedure [9] was performed. Thus, a ρ ∞ equal to 0.8 is used, which corresponds to γ=0.611, β=0.301 and ξ equal to 1.64%.
Concerning boundary conditions and as the response of an infinite semi-space is modelled, equivalent boundaries have been imposed on the nodes of lateral boundaries (i.e. the normal stress on these boundaries remains constant and the displacements of nodes at the same depth in two opposite lateral boundaries are the same in all directions) [10] . For the bedrocks boundary condition, paraxial elements simulating deformable unbounded elastic bedrock have been used [11] . The vertically incident shear waves, defined at the outcropping bedrock, are introduced into the base of the model after deconvolution. Thus, the obtained movement at the bedrock is composed of the incident waves and the reflected signal.
Input earthquake motion
In order to define appropriate input motions to the non-linear dynamical analysis, a selection of recorded accelerograms are used. The adopted earthquake signals are proposed by Bradley et al. [12] and Sorrentino et al. [13] . Thus, 78 unscaled records were chosen from the Pacific Earthquake Engineering Research Center (PEER) database. The events range between 5.8 and 7.7 in magnitude and the recordings have site-to-source distance from 10 to 150km and denseto-firm soil conditions (i.e. 30m averaged shear-wave velocity (V s 30 ) between 270 and 800m/s).
The statistics of some earthquake parameters calculated at outcropping conditions are shown in table 1. These intensity measures are peak horizontal acceleration (P HA), peak ground velocity (P GV ), mean period (T m ), predominant period (T p ), period of equivalent harmonic wave (T V /A ), Arias intensity (I a ), significant duration (t 5 95 ), root-mean-square intensity (I rms ), spectral intensity (SI) and specific energy density (SED). The coefficient of variation (CV ) is above 50% for almost all parameters and it is above 100% for I a . A higher variation in I a is of great importance given that after the sensitivity analysis performed by Lopez-Caballero and Modaressi-Farahmand-Razavi [14] , it was proved to be the most influential input variable on the liquefaction index (Q H=10 ). Figure 1 shows the response spectra of all the input earthquake motions; accelerations were filtered to 15Hz and the spectral amplitude has a 5% structural damping. Similarly, a great variation is presented on the response spectra. 
Soil constitutive model
The soil behavior is simulated with the elastoplastic multimechanism model developed at Ecole Centrale Paris, ECP model also known as Hujeux model. This model can take into account the soil behavior in a large range of deformations. The model is written in terms of effective stresses. The model uses a Coulomb type failure criterion and the critical state concept. The evolution of hardening is based on the plastic strain (deviatoric and volumetric strains for the deviatoric mechanisms and only volumetric strain for the isotropic one). To take into account the cyclic behavior it uses a kinematical hardening which relies on the state variables at the last load reversal. The soil behavior is decomposed into pseudo-elastic, hysteretic and mobilized domains. Refer to Aubry et al. [3] , Hujeux [4] , Lopez-Caballero and Modaressi-FarahmandRazavi [14] among others for a complete understanding of the ECP model. The soil parameters were determined with the procedure defined in Lopez-Caballero et al. [15] and are shown in table 2. The verification of these parameters and some laboratory test simulations can be found in Lopez-Caballero and Modaressi-Farahmand-Razavi [14] .
EFFECT OF INDUCED PORE WATER PRESSURE
In order to solely quantify the effect of induced pore water pressure (∆p w ) on the nonlinear response of the sand deposit, two mechanically-equivalent models -one saturated and one completely dry -were analyzed. Firstly, to ensure that the only difference in these models behavior is due to pore water pressure generation, the shear modulus profile and transfer function are evaluated. The obtained maximum shear modulus profiles are shown in figure 2a for the elastic behavior and except for some differences at G max at the bottom of the column, the initial behavior of both soils is identical. Therefore, it is proved that differences in the response will be due only to the effect of ∆p w on the wet column.
The spectral ratio, shown in figure 2b is the ratio between the Fourier transform of the motions at the ground surface and the bedrock. It characterizes the amplification produced by the soil deposits [9] . Both models present the same predominant frequencies (also called characteristic frequencies), although the dry column present lower amplifications. 
Peak surface acceleration
Regarding the relation between the peak horizontal acceleration at outcropping (P HA) and received at the surface (P GA), figure 3a shows an amplification of the signal for P HA less than 0.2g. As shown by others [16, 14, 17] , in this case it appears that this value is a threshold for nonlinearity due to the ground motion. Above this threshold, the peak acceleration at surface is bigger for the dry column as the attenuation given by the liquefaction apparition is not present. Nonetheless, it appears some attenuation probably caused by the soil resistance degradation. Figure 3b expresses the peak surface accelerations (P GA) of the dry column as a function of P GA of the wet column ranged by the Liquefaction Index (Q) for a selected depth H. This value is defined by Shinozuka and Ohtomo [18] as:
where ∆p w end is the difference between the pore water pressure at the begging and at the end of the input motion at a certain depth z and σ ′ v0 is the initial effective vertical stress at the same depth. The Q value indicates the ratio of liquefaction initiation for a selected depth at the end of shaking. A value of 1.0 indicates conditions of initial liquefaction throughout the H meters column. As shown in the figure 3b, P GA values for the dry column can be twice as big as the Figure 3 : a) Peak ground acceleration at free field (P GA) as a function of peak horizontal acceleration at outcropping (P HA) and b) P GA of the dry and wet column grouped by Liquefaction index
Acceleration profile
For the purpose of analyzing the motion variation throughout the soil deposit, three cases were studied: c1) P HA ≃ 0.05g, c2) P HA ≃ 0.15g and c3) P HA ≃ 0.5g (shown in figure  3b ). For the first case, both columns amplify the maximum acceleration by a factor of 2; for the second one, P GA is almost equal to P HA; and for the last case, the peak acceleration is greatly attenuated (i.e. P GA ≃ 0.5P HA). Moreover, the difference between dry and wet columns increases with cases. The time history profiles of the pore pressure ratio (r u (t) = ∆p w (t)/σ ′ v0 ) are shown in figure 4 . The darkest blue color is r u = 0 and the darkest red one is r u = 1.0. Case 1 is not shown as r u is less than 0.2 throughout the profile, while for the second case, starting at 7s, between 6 and 15m depth r u values are greater than 0.5 and by 7m there is a concentrated totally liquefied zone (i.e. r u = 1.0) from about 10s until the end of shaking. Case 3, however, presents two strong liquefied zones at around 2 to 5m and between 8 and 10m; the first one starting at 3s and the deeper one at 5s. Concerning the time history, it appears to be two clear drops of pore pressure at 5s and 8s, with others smaller ones in between. Finally, after 12s, pore pressure starts to gradually increase and spread through the soil deposit. It is interesting to note that while the same soil is tested, different motions liquefy different depths. In figure 5 the profiles of the pore pressure ratio r u at the end of shaking, the maximum acceleration and the maximum absolute shear strain (γ) are shown for the three cases. In the first case, in figure 5a, it is clear that the peaks on the acceleration profile correspond to the peaks on shear strain at about 6 to 8m, whereas peaks on r u are some meters above. As for the dry column, there are no relevant peaks neither on the acceleration nor the γ profile. Rather small differences on the P GA between the wet and dry column can be due to the low pore pressure ratio presented along the profile (r u end < 0.1). As for the second case, in figure 5b, liquefaction initiated around 8m (i.e. r u end > 0.8). The a max profile presents almost the same peak with a maximum three times bigger than P HA value at 8m. The γ profile also presents it maximum at the same depth, although other spikes are presented. By the other hand, the dry column presents some differences between the maximum on acceleration and on shear strain, which are presented some meters below. Finally, for the third case shown in figure 5c, liquefaction is presented from 3 to 10m, which as seen in figure 3a, gives to an attenuation of the P HA value in the wet column. In it, although the a max profile is decreasing as it climbs up to the surface, four spikes can be distinguished at around 2, 5, 10 and 15m. These are also present at the |γ max | profile, with strains 6 times bigger than the average. Regarding the dry column, and like in the other cases, spikes in the a max and |γ max | profiles are much smaller and are not related to those of the wet column. On the whole, shear strains are always smaller for the dry column, i.e. without the effect of coupled excess pore water pressure with deformation.
Acceleration response spectra
The influence of coupling excess pore water pressure to deformations is asset by calculating the response spectra of the surface acceleration from the wet and dry column. Because of the variation of the frequency content and by means of arriving to a general conclusion, the acceleration-time histories are divided into three cases which are then studied separately. The input motion accelerogram and the pore pressure ratio at the end of shaking evaluated at 10m depth in the wet model are shown in figure 6 for the three cases. As in the previous figure, the spikes on acceleration correspond to the rapid increase of r u (e.g. at 8s in figure 6c. Two vertical lines show the t 5 and t 95 values, defined as the time where 5 and 95% of Arias intensity is reached, which roughly coincides with the start and end of the r u increase. These lines will be used to separate the different time windows.
The response spectra at different time windows are plotted in figure 7 for the three cases and the three time windows. For the first case, r u (z = 10m) ≤ 0.03, the three time windows present near match between both columns which confirms that significant softening did not occur. While for the second and third cases, only for the first time window (i.e. prior to significant rise of pore pressure), responses of the wet and dry columns are similar. Afterwards and for short periods, the dry column produced a much higher peak whereas the coupling of excess pore pressure and its subsequent soil softening inhibits the transfer of the intense high-frequency peaks to the ground surface. For long periods, the wet column presents larger spectral values than the dry column. As the r u value increases, i.e. in the third case (figure 7c), the difference between columns increases: for the wet column, amplification of long periods and for the dry one, amplification of short periods.
Normalized response spectral ratio
In order to assess the effect of the soil stiffening on the frequency content of the surface signal, Hartvigsen [19] proposed to characterize the effects of pore pressure with a response spectral ratio. Moreover, because the reduction in spectral acceleration showed for periods below about 1s is related to the differences between signals, the response has to be normalized. Therefore the normalized response spectral ratio (NRSR) is defined as:
where P SA wet (T )/P SA wet (T = 0) correspond to the normalized response spectrum at surface when saturated and P SA dry (T )/P SA dry (T = 0) is the normalized response spectrum when dry. The responses were divided in three groups according to the Q H=10m value obtained when lack of coupling pore pressure and responses of buildings with high predominant periods could be unconservative.
As an attempt to include the effects of pore pressure generation, several authors [19, 20] have proposed functions relating the amplification of the acceleration with the seismic hazard and the soil properties. However, given the great variability of the spectral ratio with period, it is unlikely to capture the detailed effects of ∆p w coupling on individual response spectra with an overall function. As an example the variation in figure 8b is shown in figures 9. The NRSR of all simulations are presented together with the mean and median values. Results are divided for each liquefaction index level. Due to the proper input motion variability, individual cases can be somewhat different of the general case (e.g. Q H=10m ≤ 0.3 in figure 9a) ; although, with a greater amount of simulations a relation could be given from a probabilistic framework. Nonetheless, for a complete analysis of important structures the use of a constitutive model with coupling excess pore pressure and soil deformation is required. 
CONCLUSIONS
A finite element analysis was used to investigate the effect of coupling excess pore pressure and soil deformation on the nonlinear response. A typically liquefiable soil profile of 20m has been used. Two mechanically equivalent models were subjected to 78 unscaled earthquake motions: one taking into account coupling (wet column) and one without (dry column). The main conclusions drawn from this study are as follows:
• The acceleration is amplified at surface for small input motions (i.e. P HA ≤ 0.2g) in the dry as well as in the wet column. Nonetheless, deamplification for strong ground motions is more significant in the wet column and it increases with P HA. As a result, models that do not include coupling of excess pore pressure will predict bigger surface accelerations.
• It appears that the difference between maximum surface acceleration for the two columns is directly related to the Liquefaction Index (Q H=10 ), hence as the liquefaction zone increases the need for a more complete model is required.
• Regarding the soil behavior throughout the profile, it can be concluded that spikes of acceleration are found at the same depth than spikes of shear strain and maximums on liquefaction ratio for the wet column; however, shear strains spikes on the dry column do not correspond to spikes in acceleration and thus other mechanisms are involved.
• Concerning the response spectra, it appears that the dry column overestimate the amplification of low periods while it underestimates it for high periods. This variation is more important in the time period after the 95% of Arias intensity as the soil has softened on the wet column. Moreover, this variation increases with the liquefaction zone.
• From a probabilistic point of view, the response spectra follows the same trend; although the variation between one event and another is significant. Therefore a generalization would be unlikely to capture the detailed effects of pore pressure coupling.
